Type 2 diabetes is associated with increased risk of cardiovascular (CV) and all-cause mortality. Although electrocardiographic measures of repolarization abnormality and complexity stratify risk in the general population, their prognostic value in diabetes has not been well characterized. Digital electrocardiogram (ECG) readings were acquired for 994 American Indians with type 2 diabetes. ST segment depression (STD) >50 V and rate-corrected QT interval (QTc) >460 ms were examined as measures of repolarization abnormality. The principal component analysis (PCA) of the ratio of the second to first eigenvalues of the T-wave vector (PCA ratio) (>32.0% in women and >24.6% in men) was examined as a measure of repolarization complexity on the ECG. After a mean follow-up of 4.7 ؎ 1.0 years, there were 56 CV deaths and 155 deaths from all causes. In univariate analyses, STD, QTc, and the PCA ratio predicted CV and all-cause mortality. T he surface electrocardiogram (ECG) remains the most widely used noninvasive method for cardiovascular (CV) risk assessment. Abnormalities of ventricular repolarization on the ECG, such as ST segment depression (STD) and QT interval prolongation, are well-established markers of mortality risk in the general population (1-6). ECG measures of the heterogeneity or complexity of ventricular repolarization have been implicated in the genesis of ventricular arrhythmias and also associated with adverse prognosis (6 -14). A number of surface ECG approaches to analysis of repolarization heterogeneity have been proposed, including QT dispersion (6,9,12), T-wave morphology analyses (9,10,13), and principal component analysis (PCA) of the T-wave vector loop (11,14), a spatial measure of T-wave complexity that avoids many of the theoretical and practical limitations of simple QT dispersion and improves prediction of CV death (11, 14) . However, these repolarization abnormalities may be strongly correlated with one another (11), and whether they provide independent prognostic information when examined together remains unclear.
T he surface electrocardiogram (ECG) remains the most widely used noninvasive method for cardiovascular (CV) risk assessment. Abnormalities of ventricular repolarization on the ECG, such as ST segment depression (STD) and QT interval prolongation, are well-established markers of mortality risk in the general population (1) (2) (3) (4) (5) (6) . ECG measures of the heterogeneity or complexity of ventricular repolarization have been implicated in the genesis of ventricular arrhythmias and also associated with adverse prognosis (6 -14) . A number of surface ECG approaches to analysis of repolarization heterogeneity have been proposed, including QT dispersion (6, 9, 12) , T-wave morphology analyses (9, 10, 13) , and principal component analysis (PCA) of the T-wave vector loop (11, 14) , a spatial measure of T-wave complexity that avoids many of the theoretical and practical limitations of simple QT dispersion and improves prediction of CV death (11, 14) . However, these repolarization abnormalities may be strongly correlated with one another (11) , and whether they provide independent prognostic information when examined together remains unclear.
Diabetes is an established risk factor for CV disease and is associated with an increased risk of both all-cause and CV mortality (15) (16) (17) (18) (19) . The increasing prevalence of type 2 diabetes, earlier onset of diabetes, and aging of the population will result in an increasing prevalence of diabetesinduced CV disease (18, 19) , suggesting that accurate noninvasive identification of diabetic individuals at high risk may play a role in the development of more effective preventive strategies for decreasing diabetes-related CV risks (19) . Although increased QT interval and QT dispersion have been implicated as possible ECG predictors of CV and all-cause mortality in several small type 2 diabetic cohorts (20 -22) , the prognostic value of the QT interval has not been examined in an unselected type 2 diabetic population, and the prognostic value of STD and the more accurate PCA ratio have not been assessed in diabetes. Therefore, the present study examined the value of repolarization abnormalities on the ECG, as characterized by STD and a prolonged rate-corrected QT interval (QTc), and repolarization complexity, as measured by the PCA ratio, for prediction of CV and all-cause mortality in adults with diabetes.
RESEARCH DESIGN AND METHODS
Study population. The Strong Heart Study is a community-based study of CV disease and risk factors in American Indians from 13 communities in Arizona, Oklahoma, and North and South Dakota. Detailed information about the population and methods has previously been reported in detail (6, 14) . Diabetes was diagnosed by World Health Organization criteria (23, 24) , if fasting blood glucose was Ͼ140 mg/dl, 2-h postchallenge glucose was Ͼ200 mg/dl, or participants received hypoglycemic medication. These analyses examine 994 diabetic participants from the first Strong Heart Study examination (615 women and 379 men, mean age 57 Ϯ 8 years) in whom digital ECG records were available for analysis. Electrocardiography. Standard 12-lead ECGs were performed with MAC-PC or MAC-12 digital ECG systems (GE Medical Systems) as previously described (6, 14) . A schematic representation of the ECG measurements used in the present study is provided in Fig. 1 . QT interval measurements were performed using interactive software (QT-Guard, GE Medical Systems) that detects QRS onset and uses a least-squares fitting method to identify T-wave offset from the intersection of the maximal slope of the terminal T-wave with a threshold defined by the T-P segment (25, 26) . Leads with high noise levels, flat T-waves, and T-waves with unidentifiable patterns were excluded from T-wave offset determinations (6, 14) . QT intervals were measured in all 12 leads, and the maximal QT interval was corrected for heart rate (QTc) with Bazett's formula (27) . Abnormal QTc was defined as Ͼ460 ms, a value approximating the upper 90th percentile in Strong Heart Study participants and found to stratify risk in the overall Strong Heart Study population (6) .
STD was measured to the nearest 5 V on median complexes at the midpoint of the ST segment between the J-point and the end of the ST segment, defined as one-eighth of the average R-R interval from the J-point as previously reported in detail (3) . STD Ն50 V in any lead (except aVR) was considered abnormal; 50 V corresponds to the 90th percentile of STD in the Strong Heart Study and to the 95th percentile in a separate population of normal subjects (11) , stratifies mortality risk in the overall Strong Heart Study population, and parallels use of this threshold in determination of Minnesota codes 4.2 and 4.3 (3). PCA. PCA is a method for characterizing or mathematically representing data that, when applied to T-waves, derive features of repolarization in a manner that is less dependent on precise determination of T-wave offset. Previous studies of ventricular repolarization have demonstrated that the first component or eigenvector accounts for most of the energy in repolarization when applied to the normal T-wave vector, whereas inhomogeneous repolarization is indicated by an increased contribution of the second and third components (11, 14, 25, 26) . Thus, the ratio of the second to first eigenvalues of the spatial T-wave vector generated from the 12-lead digital ECG (PCA ratio) was calculated as a measure of the complexity of repolarization (11, 14, 25, 26) . The PCA ratio provides information that can be visualized by analogy as the short and long axes of the three-dimensional T-wave loop and provides an estimate of the relative "fatness" of the T-wave loop relative to its peak amplitude, in which a fatter loop with a higher PCA ratio reflects more complex T-wave morphology (Fig. 1B) (11, 14) . An abnormal PCA ratio was defined as Ͼ32.0% in women and as Ͼ24.6% in men, values greater than the upper 90th percentile and that stratify risk of CV mortality in the overall Strong Heart Study population, and had Ͼ95% specificity in a separate population of normal subjects (11, 14) . Clinical evaluation and determination of end points. All participants underwent a personal interview, completed the Rose questionnaire (28), underwent a physical examination, provided fasting blood and urine samples, and were categorized as having definite or possible coronary heart disease (CHD) at the time of the baseline examination (29) . Deaths were identified in an ongoing surveillance from sources in each community and through annual follow-up of each participant and were verified through death certificates and review of medical records (mortality follow-up 99.8% complete). Deaths were classified as CV if caused by myocardial infarction, stroke, sudden death from CHD, or congestive heart failure by an independent review panel of physicians unaware of STD, QT interval, and PCA findings (18) . Data and statistical analyses. Data were analyzed with SPSS release 10.0. Mean values were compared between groups using ANOVA or a nonparametric Kruskal-Wallis test where appropriate. Proportions were compared by 2 tests. Mortality rates were calculated and plotted according to the KaplanMeier product-limit method (30) ; survival distributions were compared between groups with the log-rank test. Mortality analyses were performed by fitting Cox proportional hazards models to the data after stratification by center (31) . The estimated relative risk of the incidence of death for positive as compared with negative test outcomes was computed as the antilog of the estimated coefficient (32) . The 95% CI of each relative risk was calculated from the estimated coefficients and their standard errors (33) , and Wald 2 statistics and probability values were calculated. To test the independence of STD, QTc, and the PCA ratio as predictors of mortality, all three ECG variables were entered together into the Cox models with age, sex, BMI, diastolic and systolic blood pressure, fasting glucose, GHb, HDL and LDL cholesterol levels, triglyceride level, alcohol use, and history of smoking or prevalent CHD. To further examine whether the predictive value of these ECG variables was independent of underlying CHD, additional multivariate Cox models were run in subsets of the population defined by the presence or absence of CHD. For all tests, two-tailed P Ͻ 0.05 was required.
RESULTS
Patient characteristics. After a maximum follow-up of 5 years (mean 4.7 Ϯ 1.0), there were 155 deaths from all causes and 56 CV deaths. Clinical characteristics of survivors, individuals who died from any cause, and participants with and without CV death are compared in Table 1 . The 155 participants who died were older and had higher BMIs, lower diastolic blood pressures, more albuminuria, and a greater prevalence of CHD, but did not differ with respect to sex, systolic blood pressure, fasting glucose, GHb, HDL and LDL cholesterol and serum triglyceride levels, or smoking history compared with individuals who survived. The 56 participants who suffered CV death were similarly older and had higher systolic blood pressures, higher fasting glucose, lower HDL and higher LDL cholesterol levels, more albuminuria, and a greater prevalence of CHD, but did not differ with respect to sex, BMI, GHb or triglyceride levels, diastolic blood pressure, or smoking history from participants who did not die from a CV cause.
The relation of the magnitude of STD, PCA ratio, and QTc interval to clinical outcome is also shown in Table 1 . Participants who died of all-cause or CV etiologies had significantly greater STD, higher PCA ratios, and longer QTc intervals than those who survived. Of note, there were no significant differences in mean GHb or fasting glucose levels between participants with and without abnormal STD, an abnormal PCA ratio, or a prolonged QT interval. Prediction of all-cause mortality. In Cox analyses adjusting for possible differences between centers, STD Ն50 V, QTc Ͼ460 ms, and a sex-specific increase in PCA ratio were each individually significant predictors of all-cause mortality ( Table 2 and Fig. 2 ). The 62 participants with STD Ն50 V had a 4.68-fold increased risk of death, with an actuarial 5-year mortality of 46.8% versus only 13.5% in those with STD Ͻ50 V. The 146 participants with a QTc interval Ͼ460 ms had a 1.95-fold increased risk of death and a 5-year mortality of 25.3% compared with 13.9% in individuals with shorter QTc intervals. A PCA ratio Ͼ32.0% in women or Ͼ24.6% in men (n ϭ 139) was associated with a 2.11-fold increased risk of death and an actuarial 5-year mortality of 26.6 versus 13.8% in individuals with lower PCA ratios.
In additional Cox models that considered all three measures of repolarization with adjustment for age, BMI, diastolic and systolic blood pressures, HDL and LDL cholesterol, triglycerides, albuminuria, alcohol use, prevalent CHD, history of smoking, and study center, both abnormal STD and an increased QTc interval remained significant independent predictors of all-cause mortality (Table 2) . However, an increased PCA ratio did not significantly predict all-cause mortality independent of clinical covariates and other repolarization measures. The predictive value of these ECG variables was similar in participants with and without prevalent CHD (Table 2 ). Of note, STD and QTc, but not the PCA ratio, remained significant predictors of all-cause mortality when entered as continuous variables in the Cox models. Prediction of CV mortality. In Cox analyses that adjusted for center, STD Ն50 V, QTc Ͼ460 ms, and a PCA ratio above sex-specific partition values were significant univariate predictors of CV mortality (Table 3 and Fig. 3 ). STD Ն50 V was associated with a 9.54-fold increased risk of CV death, with an actuarial 5-year CV mortality of 33.4% versus only 4.3% in individuals with STD Ͻ50 V. A prolonged QTc interval was associated with a 2.07-fold increased risk of CV death and with a 5-year CV mortality of 10.4% compared with 5.2% in individuals with shorter QTc intervals. An increased PCA ratio was associated with (Table 3) demonstrated that after adjustment for other potential predictors of CV mortality, both abnormal STD and an increased PCA ratio remained in the Cox model as significant predictors of CV mortality. In contrast, a prolonged QTc interval was no longer a significant predictor of CV mortality in multivariate analyses. Risk stratification for CV mortality was similar in subgroups of the population with and without CHD ( Table 3) . STD and the PCA ratio, but not the QTc interval, were both significant predictors of CV mortality in multivariate analyses when considered as continuous as opposed to discrete variables. Of note, exclusion of participants who suffered a non-CV death from the Cox analyses did not affect the predictive value of these ECG variables for CV mortality.
DISCUSSION
In a large population-based prospective study of American Indians with type 2 diabetes, computerized ECG measurement of abnormalities and heterogeneity of ventricular repolarization predicted both all-cause and CV mortality. After adjustment for other known predictors of adverse outcome, computerized measurements of STD and QTc, which quantify degree of repolarization abnormality, remained associated with all-cause mortality. In addition, both STD and the PCA ratio, an ECG measure of repolarization or T-wave complexity, remained significant predictors of CV mortality. These findings support the value of these computerized ECG methods for noninvasive risk stratification in adults with diabetes. ECG abnormalities and prognosis in diabetes. Previous studies of the predictive value of repolarization changes on the resting ECG in type 2 diabetic patients have been limited to examining QT interval prolongation and dispersion in small cohorts of patients (20 -22) . In 182 patients with newly diagnosed type 2 diabetes enrolled in the Dundee cohort of the U.K. Prospective Diabetes Study and followed for a mean of 10.3 years (20), both QT dispersion and maximal QTc interval were significant predictors of cardiac death in multivariate Cox analyses. However, no data were presented on the actual mortality rate in the population or on the prevalence of abnormal QT interval or dispersion findings. Sawicki et al. (21) similarly demonstrated that greater QT dispersion was an independent predictor of all-cause, CV, and cerebrovascular mortality in a tertiary care center-based cohort of 216 diabetic patients with a 73% mortality over a maximum follow-up period of 16 years. Christensen et al. (22) found high prevalences of a QTc Ͼ440 ms 1/2 (67%) and of QT dispersion Ͼ50 ms (51%) in a cohort study of 324 patients with type 2 diabetes and that prolonged QTc, but not QT dispersion, was an independent predictor of all-cause and CV mortality. However, the value of QT dispersion for risk stratification has been limited by difficulties with accurate and reproducible manual measurements, by the resultant need to exclude leads with low T-wave amplitudes from analyses, and by the failure of QT dispersion to independently predict CV mortality in men (6, 9, 14, 25, 26) .
The present findings demonstrate the value of a prolonged QT interval for predicting all-cause but not CV mortality and the predictive value of increased T-wave complexity, as measured by the PCA ratio, for CV but not all-cause mortality in a population with type 2 diabetes. These results mirror similar findings for both QTc and the PCA ratio in the overall Strong Heart Study population (6, 14) . Importantly and in contrast to QT dispersion, the PCA ratio stratifies risk of CV mortality in both men and women (14) , and overall reproducibility of the PCA ratio appears to exceed significantly that of QT dispersion variables (25, 26) , perhaps contributing to the improved risk stratification offered by this method (14) . The present study further demonstrates the strong prognostic value of minor degrees of STD for both CV and all-cause mortality in diabetes, paralleling similar findings in the overall Strong Heart population (3) and the well-established predictive value of minor ST segment abnormalities in other unselected populations (1, 2) . Importantly in the current study, the predictive value of these ECG measures was independent of measures of glycemic control such as fasting glucose and GHb as well as of the presence or absence of CHD (Tables 2 and 3 ), factors that might be expected to influence their prognostic value.
The increased risk of CV death in diabetic adults with STD or an increased PCA ratio can be interpreted as reflecting the known associations of STD with underlying CV disease, including left ventricular hypertrophy (3, 34) , and the elevated risk of ventricular arrhythmias associated with increased complexity of repolarization (6, 7, 14) . The ability of STD and an increased QTc to predict all-cause mortality is less readily explained. It is possible that an increased QTc may be related to underlying disorders associated with diabetes, including diabetic renal dysfunction, which are in turn associated with an increased risk of early death and electrolyte abnormalities and/or medications that may cause QT prolongation (6, 22) . On the other hand, QT prolongation might also reflect profound alterations in neurohormonal balance that could predispose to an increased risk of mortality (6, 22) . The association of STD with all-cause mortality could be a further reflection of the strong association between STD and left ventricular hypertrophy (34) and the known relationship of hypertrophy to all-cause mortality (35) . In addition, the negative prognostic impact of these ECG findings could be mediated via the adverse effects of diabetes on CV function, including reduced left ventricular systolic function, increased arterial stiffness, and abnormal relaxation (24, 36) . Further study of the relation between these ECG findings and cardiac structure and function in type 2 diabetes may provide greater insight into these putative mechanisms. Ventricular repolarization and diabetes. Beyond the possible relation of alterations in ventricular repolarization to underlying CV structural and functional abnormalities in type 2 diabetes (3,34 -36), abnormalities of ventricular repolarization in diabetes may also reflect direct effects of diabetes per se on the electrophysiology of ventricular myocardium (37, 38) . In experimental diabetic rat heart, the most prominent electrophysiological alteration is an increase in action potential duration (37) with a resultant prolongation of the QT interval. Mechanistically, this may reflect changes in voltage-gated K ϩ channel gene expression because of isoform switching from Kv4.2 to Kv1.4 with attendant slower kinetics of transient outward K ϩ currents (37) . In addition, prolongation of ventricular action potential duration may alter the normal endocardial-epicardial action potential gradient, producing ST segment and T-wave changes on the ECG (38) . These alterations could potentially produce an increase in re-entrant arrhythmias, particularly in association with abrupt changes in cycle length, when rate-dependent changes in action potential duration can be expected to occur (39) . It is important to note, however, that the cardiac electrophysiological behavior of rat models of diabetes may not be directly transferable to humans because of possible differences in the ␣ subunits that underlie these currents in the two species (37, 38) . Unfortunately, there are no large animal or guinea pig models of altered QT interval behavior in diabetes that might more closely resemble human electrophysiological behavior. Methodological issues and study limitations. This study and previous investigations are affected by fundamental limitations in the accuracy and reproducibility QT interval measurements because of difficulties with reliable detection of T-wave offset (9, 14, 25, 26) . However, the computerized method used to determine T-wave offset in the current study has greater reproducibility than manual measurements or other computer-based methods (25, 26) . The absence of serial ECG data prevents assessment of the predictive value of incident repolarization abnormalities and suggests that the present findings may reflect a somewhat conservative estimate of the true prognostic value of these ECG findings, since it is likely that some proportion of participants will develop new repolarization abnormalities over time. Although follow-up was truncated at 5 years in the current analyses to limit the impact of possible subsequent changes in repolarization on outcome, further study will be necessary to determine the prognostic value of serial changes in ECG repolarization. Moreover, the absence of information on the use of medications that could effect repolarization is a potential limitation of the current study. Lastly, although a relationship between these ECG abnormalities and CV mortality may be more readily appreciated than one with non-CV death, categorization of cause of death in any study can be difficult (40) . Thus, all-cause mortality was used as an additional end point that obviates any potential error associated with misclassification of cause of death. Clinical implications. These findings suggest quantitative assessment of the degree of repolarization abnormality, and complexity on the surface ECG can provide independent risk stratification in adults with type 2 diabetes. This study expands on the value of determination of the maximal QTc interval found in previous small cohorts with diabetes for the assessment of all-cause mortality risk (20 -22) and demonstrates the additive value of simple computerized measurement of the magnitude of STD for prediction of overall mortality risk in diabetes. Moreover, we demonstrate that STD and PCA of the T-wave loop, a more accurate measure of T-wave complexity or heterogeneity than QT dispersion (13, 14) , provide additional prognostic information for CV mortality in diabetic subjects. For the clinician, it is important to point out that STD, the QTc interval, and PCA ratio can readily be adapted into the standard use and interpretation of the ECG given the widespread and growing use of digital ECG equipment. Further study will be necessary to establish whether more aggressive treatment of diabetes and/or the CV manifestations of diabetes can reduce mortality in adults with type 2 diabetes and these ECG markers of increased risk and whether the predictive value of these ECG variables can be extended to type 1 diabetes. 
